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АГК АСТ 


 Н оо о пе пол пректоаас relativistic electron pulses 
generates patterns of Cerenkov radiation distinctive of the 
we i bution of charge within a bunch. Computer simulation 
mapped the radiation pattern of the level, triangular, 
trapezoidal, rounded, Gaussian, level plus sinusoidal 
гэе, and multiple hump charge distributions. Each shape, 
with exception of the level plus sinusoidal ripple, 
rates a series of radiation patterns unique to that 
shape. This research provides a basis for determining the 
shape of a current pulSe based on the radtated energy 


pattern. 
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à charped particle orc a нгойр ot-charged рати киис 
moving at greater than the velocity of light та p m ООШ 
will interact with the material to generate a Continwoue 
Spectrum of electromagnetic radiation. Mallet and Cerenkov 
conducted experiments, in the (9Z20's and [930's, which 
discovered and provided an explanation for the radio DE 
Frank and Tamm, in 1937, developed the theory for the 
process Ret. Їїрр Ї 0. Recent work has concentrated on 
the radiation from periodic bunches of electrons апа етТтесте 
due to a non-infinite interaction region [Ref. 2] еи 

The shape otf a group of charges tntitences thé patto 
of radiation produced. Mapping the radiation pattern from 
different charge shapes may provide insight into пе aa 
charge pulse shapes can be determined from observed 


padration рабветаз Aq. dp. p HE 


t 


IT. BACKGROUND 


А. THE CERENKOV EFFECT 

ОСЕ СИГ СИС ОИСИ ОИЕ ЕСО гоп moving Slowly 
through a medium polarizges the atoms of the medium so that 
ihe osil ive nuclei are displaced toward the electron bunch, 
and the negative electron clouds away. AL any particular 
time, the medium 15 polarized in the region near the 
peepee tron bunch, spromucing a dipole. An electromagnetic 
pulse is venerated bv the formation und disappearance of the 
dipole as the bunch passes. The electromagnetic pulse 
propagates away from the dipole source at the velocity of 
meeht in the medium. The distance between wave fronts is 
compressed as the velocity of the electron buneh increases. 
[mes effect is similar to the doppler effect for sound 
radiated from a moving source. The electromagnetice field 
Шшиміиседї is called sub -Cerenkov radiation ÍíRef. 5:рр.3-4: 
Bi. 6l. 

eene electron bunch is accelerated to a velocity 
greater than light in the medium, the pulse source velocity 
is greater than that of the propapating electromagnetic wave 
which transports the energy. Пе тезе а wavefrtotnt 
where the eminated wavelets bunch together in phase. Те 


mmeckifront of electromagnetic radiation is Cerenkov 


Figure l. 


М Radiation Shockfront 


Particle 


Radiation ShockEireue 


E that radiation emitted when fhe velocity oof a 
charged particle exceeds the velocity of light in а medium 
het. 5-pp.4-5] ЇНе(. 61. 

Figure |} shows the resultant Cerenkov radiation plane 
on Orom particles traveling from A to B. Wave 
mois from potntsm0 to 5 аге coherent along wavefront ВС. 
The angle 9c is given by the "Cerenkov relation": 

Gos Эс = 1/8 п š (1) 
where n is the refractive index of the medium and 45 is the 
mero of the velocity of the particle to the velocity of 
ШОЛУ її а vacuum | Не. 5:pp.4-5] FRef. 6]. From the above, 
the followings is observed: 


р there isa threshold velocity A min = |/n, below which 
Шог Топ appears | Ней. 5:p.5!. 


Ni. [n the Limit Z - d, there is a maximum angle of 
emission: Фпах - Cos " (1/n) Na crm D. 
a ln а gas, Oc has only a sttght dependence on electron 


velocity because 2 must be close to one in order to 
Obtain Whe Gerenkov condition [Ref. 3:p.3249i1. 


4. лантан оссиге шаіпіу in the visible and near 
ге epi on ior which n » |, о 
above atomic resonances, n 1s usually less than 1; 
therefore Cerenkov radiation іп the x rav region is 
шиг Е геј wes) p.o202| [Ref. 5:p.6'. 


Azimuthal symmetry of the wavefront produces a cone of 
mediation. ен писано Еј опште ог the light intensity 


 ргохчтабес ісо а delta function |Ве?. 5:р.бі. 


В. FINITE INTERACTION LENGTH 

Radiation from the potartzed molecules along the patie 
the electron beam is formally equivalent to diff Pacer nee 
a single slit with plane waves impinging on (һе sii (oi 
angles far from normal incidence. Thus, the previous 
tiscusston dealt with the case where the path Length is 
а Бал is 1 01187 Passing an electron beam through a gas 
cell of finite length causes the radiation to increase in 
power and to be spread over a range of emissicn anges 
instead of having a sharp Cerenkov angle, Өс. This 
increased power (up to 2 orders of magnitude Torm mo 
medium) and the spreading etfect are dependent on the medium 
length, and independent of bunch structure [Ref. 3:рр Зоя 
с The spreading ts asvmmetric about the Cerenkov 
cone and the radiated power has interference lobes. The 
main lobe ts peaked at an angle greater than the Cerenkov 
angle and there is significant power in the other 
лкен етенсе пу Босе her pe As the finite length | 
increases, less spreading and less power increase occurs, 
and the positton of maximum radiation decreases slowly to 
the Cerenkov angle. Tn addition, the resulting radiation 
intensity is modified by the Fourier transform of the 
spatial distribution of charge within tine unas The 


frequency distribution from a single charre Pio NEEE 


continuous (Rel: J ppro с ая 
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Си ОКТ ГОА ELECTRON 8BUNCHING 

If periodic bunches of electrons, instead of a single 
charge distribution, are sent throush a medium, Cerenkov 
mation at harmonics of the bunch frequency results. At 
the lower harmonics, such that the wavelength of emitted 
та топ іс larger or on the order of the bunch size, the 
electrons radiate in phase and cause increased radiated 
power, even at microwave frequencies |НеЕ. 2) 
НЭГ v2 АЕ higher harmonics: {Ref 3: рр.3216, 
2149-3250) 

ү, loom wave inler erence, described by the Fourier 
transform of the charge density, decreases intensities 
with increasins frequency, until incoherent radiation 
takes over when the wavelength of the radiation is 


much less than the electron spacing. 


E. The observed radiation peaks occur at smaller angles 
more closely spaced. 


в. The angle of peak power decreases. 
i The percentage of total power іп the first lobe 
decreases. 
Tee CALCULATION OF RADIATED POWER 
for pertodre bunches of electrons, the power radiated 


por unit solid angle at frequency (y) is: 


Т. солды 
АС сир З > 
0 
Ногоо. ШЕ 
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The parameters describing the гайъа топ are: 


k J. 
и Сов ӨС Cos 9 Ж. 
2) 
Sin n 
и) |) 
u 
752 (А) (АЈ (АЗ 28 
К n йа ај гэ? 
х 2 
( ( V 
o> оо оо 
‘= | — > / —> 
220 В dx dy d2- -exp 8 кегі Хо(г) . 
- 00 "оо TO 
| = 
= аяр! (Стр 
: ЖЭ A 
where ug Ry оо Па и > are components of the unit vector ТМ 


the emission direction, ¥ is the frequency of бе еп в наи 
radiation, and | is the length oft medium осо dE M the 
total charge ot one bunch 16 ч, distributed over accum 


| А | Е (у Ш. 
Уа м УКЕН „КОШТ е transform 4o(k) ‚ апа ЕСЄН 


7. 


the non-dimensional torm factor. The bunch frequency Xo qii 
equal to the electron velocity titvided ov the elect ron ШІ 
Sc оЕ and Y ıs the frequency of the emitted radiation- а 


harmonwccot y. wet 020 21 


54 


An alternative expression for the rais t сс. 


viven by the expression: 


^ -> = д | ~ 
У) constant we “са nf 9 NOUS SIE (Яб 
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where С(пд, 9) = -- : } 


Eun in the expression for С is the index of refraction. 

КА 
а (пд.е! (5 the Cerenkov radiation envelope. It tS equal to 
mero at ө = 0 and & -77, and has a pole at Өс. ie 
radiation, as described by equation 8, is maintained finite 


N 


КО = ес because Sin u at © = Эс ıs identically zero 


Б. BUNCH PROFILE DETERMUNATION 

шаецца сш form factors are fourier transforms which 
Meriter depending on the charge distribution within a bunch. 
Ва point charge, the form factor is identically one. ror 


meee charge distribution of non-zero extent, ЕСК) must be one 


нин: О and fall otf as аз function of k. Here we consider 
ИУ line charges sa that Fik) ` "«Ка) and Ка goes to zero 
О 
о 90. (at аа аса касе се ап enhancement of the 
о 


radtation pattern near 90 as a result ot the maximum value 


of the form factor at that angie. muss eifect 15 айуах 


Л 


present, but is overshadowed at low frequencies by the 
(broadened and shifted) Cerenkov peaks. As noted 
previously, at higher harmonics the Cerenkov power radiated 
пе forward direction decreases as a result of loss of 
Euhnerence between buuches, and in this situation, the 

О 


enhancement at е - JQ from the form factor becomes 


Шшіпапс (Ref. 4:рр.1994-1995 1. 
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A complete angular map ct Cerenkov radiation 
nay be used to characterize the properties of relativas 


beam pulses, and may enable one to determine Ёһе Белш 











charge distributions from measured radiated patterns 
НТ, -:p.1996]. This work was Undertaken соо 
(differences in radiated patterns from a moun ММ 0) 
differently shaped electron beam charge distribu оно ни 
order to determine some of the problems assoctated with 
obtaining electron bunch profiles From radiation оа атт 


measurements. 
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111. CALCULATIONS AND RESULTS 


ў 
- _— -— — — — - - - - -~ — Q -— s s 


Professors X. K. Maruyama and J. Н. Neivhbours of the 
Department of Physics, Naval Postgraduate School, Monterey, 
EU'ornia, developed a computer propram to calculate and 
plot angular maps of the radiated energy per unit solid 
angle for a given form factor. The program considered the 
following one dimensional (i1.e. in z only) beam charge 
fees tributions: Gaussian, Ше е ее оо мою: level plus a 
пи шојаа! глрр:!е сотпртпа топ, апа а доцџбје hump. This 
тог тоці (те the program to perform calculations also for 
the trapezoidal, rotunded, triangular, and multiple hump 
О агре distributions. Figure 2 diagrams the beam pulse 
shapes and presents ihe corresponding form facior 
expresstons. ; 

To determine information from each tvpe of charge 
distribution, calculations of radiated energy were performed 
using the following parameters: 

|. Beam Energy: 27 Mev 

Z. Pulse Frequency: 50 MHZ 

29 puse Length: 42.3 nsec, ! meter 

4. instantaneous Beam Current: 400 amperes 
230 Path Length in Air: lO meters 


O 


EN сеппе ок паше =, бе. о TO Gfor n = 1.000268; 
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( Sin kd 
Ра 2) ЕС) ги 


Triangular 











Trapezoidal 





Rounded 2 


F(k,) = 





3 x 
к> (ь + 4) (4 - ь)2 


k 
|: Зіп = (d + b) - Sin k,b - Sin n 


-0 -b 0 b d 


Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 


Ше) 


Gaussian 


р (2 


where b = bunch size 





Q 
: к 4 
Level Plus Ripple F(k_) Кылыр, Я 
š ка 
2 
R ( Sin(k -k) d Sin (k +k)d | 
o 7 22 О 
2 (k, - k.) d (k, + k.) d 
where R = B/A k, = 2172 
Multiple Hump оо 52) 
5 ЕЕ > 

к 4 

2 
| 1 
2N-3 \| 2N-5 i 
Sina k d| —— || Sin xk d| — || 
28-1/ 2211! 

и--- іы 
к 4 | ка | 
2 2 

N= 2<J м = 34) 





where N = number of humps 


Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 


157 


Radirated energy from each pulse shape torm was calculated 
and plotted for the ist through (26. эг Eg 
36th, dZnd, 48th, olth, and 50th harmonics “oi fin K i 
base frequency. The 6th harmonic equated та а алк сине 
wavelength of the same size as the electron bunch, 
approximately 1 meter. Multiples of the БЕ Паро 
corresponded to multiple numbers of wavelengths within thew 
meter length (1.e. bOth harmonic equated со а radian 
wavelength ot 0.1 meters, and a | meter electron bunch 15 500 
а та топ wavelengths langi.: Beam pulse charge 
distributions of variable seometry were initiallv restricted 
as follows: 
ща The level plus sinusoidal ripple combination func e 

consisted of a ripple of 3 complete cycles та. 

maximum amplitude of one half the i-vel function 

Кро а а 
Ва The multiple hump runction consisted otf 2 humps] aon 

at each end of the pulse. The length ot the hump tor 

a 2 hump function is one third of the pulse Tengen 


(Note: the Length of the hump = (°N-1.7! times the 
pulse length, where N is tho number of humps. ! 


а е 
~ ~ 
- 


The rounded and trapezoidal functions had a top fi m 
equal to one half their base length. 


Appendices A through G contain the radiation intensity 


plots. In each case the radiated energy dimensions are 


watts per unit solid гаатап anil: 


AR LEVELE FUNCTI ON 
Figure 3 shows the radiation intensity lobe development 


between the lst and 11211727 For the Ist Тһгопоп m 
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8.8 38.8 68.8 98.80 9.8 30.8 60.8 98.0 128.8 
ANGLE (deg) ANGLE (deg) 


Figure 3. Level Function Ist, 3rd, 6th, and 12th Harmonics 


ЩО 


harmonic the radiaiton patlerns аге сһагастегтв гіс soe 
charges: that is, the radiation wavelengths are one 
compared to the length of the electron Бие” Consequently 
Ка 15 small over the entire range of angles and Pi ks) never 
departs significantly ron тияи 

Beginning with the Sth harmonic the effect of the form 
Factor becomes apparent, and by fhe 6th harmonic them m 
factor pattern is well developed. In general, as the бн 
топіс number increased, the radiation lobes have smaller 
angular separation and approach the Cerenkov angle. For 
these parameters, the Cerenkov interference lobes have been 
replaced by the oscillating pattern whose envelope 15 
related to the form factor at (Бе sixth harmonik: Beginning 
with the 6th harmonic, with the radiation wavelength equa 
to the charge bunch length, the radiation pattern takes ш 
the characteristics of the Fourier transform of спев ан 


shape. The oscillating radiation pattern ts contained гс 


|| 


envelope given bv the square of the sinc function (біпс % 


O 
'sln xi x:, centered at 8 - 9Ü , and modulated Sb ия 
Cerenkov radiation envelope. The 65th throush I2th hobmonm 


е 


radiation plots show the development of the envelope of the 
squared sinc function--periodic increase and decrease of 

the first interterence lobe and the production of subsequent 
lobes. Figure 4 is a radiation intensity plot for them CEE 


hagmonmle-. It shows the envelope of the square of the sinc 
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Figure 4, Level Function 30th Harmonic (1.5 GHz) 


function modulated on the Cerenkov аала ол gee ee 
Other level function radiation intensity plots are сопс си ы 


іп Appendix й 


В. TRIANGULAR FUNCTION 

гос ihe lst Whrough [Lith harmonic the (гтап сти 
function exhibited the characteristic radiation patter roe e 
point eharges traveline throngh а Тіпіге Пели For the 
ist through зга harmonics, as the harmonic 1Псеоёа сс. 0 0. 
triangular Function interference lobes shifted (оа 150 
angle with decreasing angular separation. Because of the 
increase іп the Cerenkov radiation envelope, as 60 decreases 
[о Эс, the lobe peaks increased. For the 3rd through m 
harmonic, the lope shift ind decreasing ongular зарас 
continued, however the first lobe of each harmonic decreased 
as a consequence or the decrease in the Cerenkov radiation 
envelope аѕ анмасвев from Өс to 0. At the 6th harmonic, 
with the radiation wavelength the same as the bunch Гел a 
the radiatıon pattern envelope hegan оС Еи 
relatively symmetric pattern centered around To m Rp 

Beginning with the [2th harmonic, With them аг шш 
wavelength equal to the average width of the function .1.е. 
one half the function’s base length), the envelope of the 
radiation pattern takes on the characteristics a 
Fourier transform of the charre bunch nharo The 


interference lobes are contained in an envelope given bv the 
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Венге 5. %iriangular Function 30th Harmonic (1.5 GHz) 


2: 


re 


lth power of the sinc function modulated Git hem =e ром 
radiation envelope. The fourth power or the sing тас аша 
greatly reduces the side lobes. Analysts of the лекова ко 
the lobe envelope indicates the triangular fUneUlom лак 
equivalent charge shape length, for radiatton wavelenpth 
comparison, of one ha!f the triangular function base [еп ји 
l'igure ^» is the radiation tntemsitv plot бог ЕЕЕ ИЕ 
Вновь It shows the fourth power of the sinc functo 
with tts suppressed sidelobes, modulated on the Cerenkov 
radiation envelope. Other triangular function radia tuon 


іпбетпоїсу р То совае сөпізілесі іп Appendix В. 


г. TRAPEZOILIDAL ШМ Г ТОУ 

For the |lsB through dth harmonic, the гаре он 
function interference Lobes closely resemble the triangular 
неро, ПОРИ The difference is that the first реак гащи 
subsequent peaks, to a lesser extent, are less intense than 
іһе triangularis tion lobes, As the harmonic number 
increases, the degree of intensity decline increases. At | 
the bth harmonic the peak otf the first lobe 15 one halt of 
the triangular function s iirst peme 

At the Yth harmonic, wath the radiation wavelensth equal 
to the average width of the tunction, the interference lobes 
take on the characteristic of the fourier transform об 006 
Бас сарех For the 9th through 60th harmo ea. 


trapezoidal function interterence lobes are between the 
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TRAPEZOIDAL FUNCTION TOP 
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Figure 7. 99.9, 80.0, 40.0, ап 4 0:1ст 08 И 
Trapezoidal Functions 18th Harmonic (0.9 GHz) 
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Шен аг апа level functions previously described. Figure 
Шиоотшрагеє the 3011 harmoni« radiation intensity plots of 
meee triangular, trapezoidal, and level functions. The side 
є of the level and trapezoidal functions are not as 
wr essed as in the triangular function. This 18S expected 
since a trapezoid can be considered a triangle with the 
fetes pulled out, or a rectangle with the sides pushed in. 
Further analysis was conducted at the 1Hth harmonic by 
En ug the top length of the function from 99.9 cm to O.I 
em. Figure 7 compares the [Sth harmonic radiation intensity 
EE ern oft the 99.9, 80.0, 40.0, and 0,1 cm top length 
meapezoidal functions. A top length of 959.9 cm approximated 
етет function and produced a level function radiation 
pattern. As the top length was shortened to 50 ст, the 
first lobe envelope significantly changed with a large 
increase in the first interference lobe and smaller 
increases іп succeeding lobes. The two remaining lobe 
envelopes were slightly broadened. Further shortening of 
the top leugth to 40 cm caused the first lobe envelope to 
Eu erse its trend, to shrink and «disappear, and the second 
lobe envelope to decrease to one half its orivinal peak and 
о 
to broaden. The third envelope lobe, centered near 90 , 
remained with the same peak and slightly broadened. 
сл оџеа reduction of the top Length to 0.1 cm caused the 
redevelopment of the first lobe envelope and the 


disappearance of the second Lobe envelope: the result is the 
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triangular function radiation р. гс Оїїїег Їгарето m 
function radiation іптепвісу ріо(в аге оглы 


Аррепдіх С. 


p. ROUNDED FUNCTION 

For the Ist through &th harmonic, іІМе гоппаей сс мн 
interference Lobes closely resemble the triangular function 
lobes. Again, the difference is that the ггг ШЕСТО 
subsequent peaks, to a lesser extent, are iess intense than 
lhe triangular functio без, As the harmonic increases, 
the degree of intensity tdecline Inci Бесе At решо Сп 
harmonic the peak of the lirst lobe is one па | он по 
triangular füunctsev"s first. peaks This 15 the same result 
observed with the trapezordal functi von 

At the Sth harmonic, with the radiation кате епос Сие 
same length as the average width of the function, the 
interference lobes take on the characteristic of the Fourier | 
translorm от "the рокта НИНІ пр tones acer. For ti И 
through 60th harmonic, the rounded function interierence 
lobes are between the triangular and level functions 
previously described. Figure 8 compares the 200 оО 2 mo nEs 
radiation intensity patterns of fhe level, гоо йг. 
trapezoidal fumetionse The side lobes are less supressed 
than in the similiar trapezoidal function of (һе rw ин 
funetion. As in the trapezoidal functione r 17 


expected since the rounded functton can be considered a 
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Rounded Functions 18th Harmonic (0.9 GHz) 
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friangle or gaussian with the sides pulled out, or a 
Bectangle with the sides pushed tn. 

Further analvsis was conducted at the [8th harmonic by 
НЭГ thes top tenth of the function from 93.9 to 0.1 сп. 
Figure 9 compares the radiation intensity pattern of the 
ПН О. 700, and 99.4% cm top length rounded functions. 
нор length of 99.9 cm approximated a level function and 
Exoduced"a jewel Function radiatton pattern. As the top 
length was shortened to 70 cm, the first lobe envelope 
шрот: сісапі |у chanwed with a large increase in the first 
interference lobe and smaller increases in succeeding lobes. 
This increase was approximately 40% larger than the increase 
meeerienced from the trapezoidal function. The second lobe 
envelope shifted 10 degrees towards the Cerenkov angle, and 
the third envelope was not changed. Further shortening of 
the top length to 50 cm caused the first Lobe envelope to 
Meverse its trend, to shrink and be absorbed by the 
broadening second lobe envelope. The third lobe envelope was 
slightly broadened and remained centered near 90 degrees. 
Eu u-m-xued reduction of the top length Го 0.1 cm caused 
Suppression of the second lobe envelope and further 
broadening of the th:rd lobe envelope. The result is a 
Eansular function pattern with a supressed first lobe 
envelope. оне Гаосетоп radiatton intensatyv plots 


штэ contained in Appendix D. 


S 


p. GAUSSIAN FUNCTION 

For the Lst through 3rd harmonic the Gaussian или 
exhibited the characteristic geometrical гаа:а тон ва ним 
From point charges traveling through a finite path Inri 
As the harmonic increased, interference lobes approached the 
Cerenkov angle with decreasing angle separation ай гаа 
decreasing radiation :mbeusrtv However, with the 4th 
harmonic there was a transition to a pattern where the 

о 
radiation is concentrated in an envelope arounc R МЕ The 
asvmmetric lobe envelope is a narrow Gaussian Ии 
modulated on the Cerenkov radiation envelope. Trans (eae 
was not expected until nea the 6th harmonic where the 
radiation wavelength is approximately the same as the change 
рые воре One possible explanation is that because the 
Gaussian goes to zero at infinity, Епе ег: есъерме спао 
bunch length appears to Бе as longs as the radi о 
wavelength of the 4th harmonic. Figure 10 18 a гашта ком 
intensitv plot for the 00010 ПӘТПОПЕС ром = Неге е 
O 

radiar t onraround 9U is fully developed while that in the 
forward direction is compmetely Suppressed. The ratio Ош 
the peak height for the 30th harmonic compared Го вай вв 
the fundamental frequency is about l/5--surprisinpe s 

The 54th and 60th harmonics could not bem ee 


because of computer limitations. Other Gaussian Гипс шшш 


radiation inteusityv plots are eontalned “сп роепес 0. 
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ПГ 1 Р! !5 RIPPLE СОЯНІМХАТІОХ ЕОМСТІОМ 

тегс! р 55 гїййїсо14а! vritpple combination [nnet ron 
radiation intensity pattern is an amplification of the level 
function pattern. The amplitication ts independent of лапе (е 
and harmonic number. The degree of amplification depends on 
mre ratio of the ripple amplitude to the level function 
Wight. Figure l1 compares the 30th harmonic radiation 
шалі Су patterns of the level function, and 0.5 and 1.0 
Etude ratio comb:nabyon functions. For а га ог 0.5 
ШОО лр! мМмесасісп 15 2. апа for a ratio of 1.0 the 
ар Іі Гісаўіоп 15 4.0. 

micreasmn:s the number of ripple cycles produced puzzling 
results. The amplification remained constant until the 
number ot cvcles reached i5, then the ampiitftication ceased. 
The resulting pattern was tbe same as a level function. 
ИИИ Батир the pulse to one half ths original 100 cm length 
@eanged the transition point to 8 cvcles. 

There was insufficient time to explore why the above 
Mesuits occtrred. The unusual results warrant further 
Вау. Other level plus@ripple combination function 


m@atation intensity plots are contained in Appendix Е. 


EESMULTIPLE HUMP FUNCT LON 
The multiple hump function is a combination of positive 


апа negative level functions. Figure 2 descibes the 
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corresponding form s or The form factor Гос а N hump 
function is the first N terms of the equation presented 
The multiple hump function radiation intensity pat tease 
was a modification of the level ГЕ Л ле The 
fourier transform of the multiple hump func Өют "S9 
combination ot sinc functions of a longer scale (пап ы 
level? funct ton" trains (om. Manual calculatious conta nae 


confirm, but it is believed, that the productos nD 


eJ 


< 


individual transforms mmm ae produce selective 
amplification of the level function radiation intensity 0 E 
envelopes. 

For à two hump function, as the harmonic increased, the 
the first envelope lobes of the ісі through 5th harmon te 
were reduced compared to the level function. At the 6th 
harmonic, with the radiation wavelength the same size а9 6 
overall function, this trend reversed. For the 56th. throne 
Llith harmonic there is up to 5 times amplification a 
first envelope lobes. At the l8&gth harmonic, wit heme 
radiation wavelength the same size as the individual hump 


width, a pattern unique to the two hump function рел a 


36 


189989. 99 















Level Function (о Епир 
2 Humps 
Ц | 
f 
| 
МІ 
|| 
| | 
sagga. aa Ш ! 
B El 
1% E CN 
aii ! : 
а аа АЛ Аба ШЕ "n || | 1, МУ 4“ ! | | An. 
` 8.8 38.8 68.8 8.0 38.0 68.8 98.4 120.2 
188888. 88 
Multiple Eump Multiple Hump 
7 4 Humps 
3 Humps 
Ш 
58888.88 | 
| | 
її! 
а.аа 41 ши ! | ДЇ | | I 
БК в.а 38.8 62.2 98.8 а.а за.а 68.4 98.8 120.2 


ANGLE (deg) ANGLE (deg) 


Figure 12. Level and Multiple Hump Functions 
30th Harmonic (1.5 GHZ) 
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C) 
18 The wave envelope adjacent to the 99 main 
envelope is always amplifted bv те 
approximatelv 3. 


226 In going to 9 > 0, every Зга suceed inp envelope E: 
amplifted by a factor о: аррго и ен И Examples 
are the 40th and iR Eh na nOn ея 

da If the envelope adjacent to 8 = 0 18 not a mü ti w = 
3, but Z envelopes away from Ue last “amp ied 
envelope, it is split to form áa single 10204 тон 
narrower lobe envelope. Examples are the ZlIth, па, 
ап ШШ Гн тато. 

Figure l2 compares the 30th harmonic radiation intens en 
patterns for a level function and multiple hump func оце 
with 2, 3, and 4 humps. [Increasing the number of потро кає 


the following effect: 


Ж The amplification is displaced outward a number” og 


envelopes equal to the number of humps minus 2. 


21 As the amplification is displaced «• “мага, лепа оне 
of amplification increases sieniticantey. 


32 When the amplification is displaced to the envelope 


adjacent to Ө = 0, further increases in the number ия 
hunps causes amplification of the ftrst several lobes 
in the envelope. Maximum amplification of the “fue | 
lobe occurs when the radiatla@nywave lent he as | 


approximately twice the size of the hump width (e.g. 

ó0th harmonic, 10 humps). Continued increases ine 

number of humps causes a reduction of the envelope to 
form a level function ratdivatWon intensity Gat Germ 

As the number of humps goes to infinity tne ши 0000 

hump function approximates ame vel tumet ons 


Other multiple hump Їипслоп гза4азагГтоп 10 ёп511ү р ог 0 


contained in Appendix G. 


ЗЮ 





БӘ INITIAL COMPARISON 

The radiation patterns of the 7 pulse shapes were 
compared from the perspective of determining pulse shape 
from a measured radiation pattern. The microwave frequency 
НИНА |5 « GHZeeecorresponding to the 30th harmonic emission, can 
be readily monitored. At this frequency, the radiation 
patterns of the 7 pulse shapes can be divided into 4 groups. 
Figure 13 compares the 4 groups. [n each case the pulse 
shapes have the same charge and length. 
d Triangle Functions 

Figure 13 shows the similarity of the two patterns. 
The Gaussian function radiation pattern is a narrow Gaussian 
lobe envelope centered near 8 - 90 . The triangular 
function lobe envelope is the fourth power of a sinc 
O 

function also centered near 9 = 90 . Both functions are 
modulated on the Cerenkov radiation envelope which varies 


O 


 ӨМіу пеаг Ө = 90 , therefore what is primarily seen are 
“D 


но 


Што егтесе= ог [F(k)} . Manual calculations verified the 
zeroes of the triangular function envelope correspond to a 
Ке function soalesd to the average pulse width (1.e. one 
half base length for a triangular shape). The fourth power 
supresses the sinc function sidelobes and dominates over 


increases in the Cerenkov radiation envelope as 80 goes to 0. 
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Figure 13. 30th Harmonic (1.5 GHz) Radiation Patterns 
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The result ıs that the trtangular function lobe envelope 15 
very Similiar to the Gaussian function lobe envelope which 


does not have sidelobes. 


з 


2. Level and Bevel 2 59 үр. 


peeves Г. Funct tons 


The level function radiation pattern lobe envelope 

is the second power of а sinc function, сепїегеайш саг йн 
O 
90 , and modulated on the Cerenkov radiation envelope. 
Manual calculations verified the zeroes and peak heights of 
the envelope. The level plus ripple function lobe envelope 
is a uniform amplification of the level Гиппс тс й єг 
The amplification 15 27 олдоп! о һагшоп1с ап ш е, The 
degree of amplification depends on the ratio of the ripple 
amplitude to the level function height. [пегеав и йе 
ripple frequency does not affect the amplification син 
specific number of ripple cycles are within the pulse, Chew 
the amplification ceases. The reason for the abrupt | 
ceasationmot amplification is пос шып. From the | 
perspective of determining pulse shape from a measured 
radiation pattern, the two function pattern shapes appear 
identical, differing only in the overall intensi te 
Therefore, one could not determinewwhich otf Lhe рг. 
caused the radiation pattern without knowledge of the charge 
density. 
Figure 13 compares the two patterns. The level 

plus ripple is plotted on the same scale as the level 


Function to show the ипо гога аар ie vD nn (Note: the 
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level and level plus ripple patterns are plotted on a 
M ferent scale than the Gaussian and triangular Function 
patterns.) 

Ra iple imp Function 

Themi iple Вишр lunc™hon radiation pattern is a 

КОО tive amplification of the level function pattern. The 
number of humps determines which of the level function 
sidelobe envelopes are amplified and by how much. The 
fourier transforms of the level function combinations in the 


multiple hump function are sinc functions of longer scale 


Шап the level function transform. It is hypothesized that 
є 


іше 


пре longer scale sinc function, modulated on the 
established level function pattern, causes the selective 
amp liftcation. Figure L3 shows the radia@rion pattern of a 
поре hümp function with 2 humps. Дијане о and fourth 
sidelobes are amplified compared to the level function. 
шосе: Figure 13 level function plot is scaled differently 
штап сле multiple hump function plot. 

i Trapezgoidal and Roundea@s Functions 

Figure 13 shows the similarity between the 

trapezoidal and rounded function radiation patterns. The 
Шо patterns are sinc function variations which are in 
between the level and triangular function patterns. Manual 
puUculations of the zeroes of a standard sinc function could 
„па a scale sbength to fit the patterns; therefore, the 


patterns are not readily described hy powers of the standard 
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oO ae о teal) Le At а ОТС е 


sidelobe suppression which makes a 


between the (мо ат кеш 10: 


nc FURTHER ee Oo цаваў аа 


In order to discrim сай 20 22 722216 


triangular, and the trapezo 8 ог єг 


radiation patterns veneratem it wa ait ferent 


examined. Figure 14 contrasts Seo  Gatssian 


function i patterns at thé 230 2 сс) 


Gaussian function 
О 


90 


Luth harmonic., the 


envelope centered near Ө = 


broad and developed 
O 
lo 9 0 


envelope became 


маг 


envelope adjacent 


lunction pattern retlects the спапее мне 


scaling, modulated on the Cerenkov 


Figure: 15 contrasts Sth] trap coya 


functions: At the iath бе орц e 


magnitude between the two functions 15 


Роне "Еш те Бале srTdelobos SNB UL UM CIS 


trapezoidal. It 1s hypothesized 


sinc function variant ot theo yop Ея 


power than the trapezoide! баипе топ. 


value causes taller sir рес Ри 


of the initial sidelobe nearer 


Cerenkov radiation envelope 


and magnifies the difference hetween 
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pulse shape determination 


Gauss Tom me 
functions, Tia 
frequency were 


and triangu oi 


retained its maor r COn 


function 
lobe 
the 


triangulan 


Рипе стоп 


radiation envelope. 


and rounded 


in sidelobe | 


apparemum The 

{or = te | 

тв а 

of a smaller 

power 

the placement 
in the 
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шовресересілує ої determining the pulse shape, the second 
Ee envelope of the rounded function is 40* of the 
intensitv of the main lobe envelope, while the trapezoidal 
Edelobe is only 10%. 
om КОШТ Г ОМА OBSERVATIONS 

For each bunch shape, once the radiation pattern which 


НЭЭ sracteristic of the Fourier transform of the bunch 
о 


shape is established, the 90 envelope peak height is nearly 
оис гані. 
Table | identifies for each charge bunch shape the 
Mermonic which has the highest lobe peak, and the ratio of 
О 

the 90 envelope peak height to the fundamental frequency 
peak lobe height. The level function and its derivatives 
have the same harmonic with the highest peak (i.e. Und); 
ШҮГегісе tor the triangular function and tts derivatives 
шие. ord). However, the Gaussian function is the onlv 
function where the lst harmonic has the highest peak value. 
Eh charge bunch shape produces significant radiated energy 

О 
ав 90 . With the exception of the Gaussian, this enersy 1$ 
15-16% of the fundamental Frequency peak: for the Gaussian, 
an even larger 20%. 

Шірпгес 7 апа J show that varying the top length of the 
trapezoidal and rounded functions causes changes in the 
intensity o£ the forward direction lobe envelope. with the 


mepetength equal to 80»; of the trapezoidal function base 


Esth, or 70* of the rounded function base length, the 
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wit 
рози 


п 





O 
Ratio of DO Pear 
Height to Fundamental 
Frequency Peak 


- -.-- аш 


. 16 
гїн 


зо 


forward facing lobe vreativ increases and exceeds the 
С) 
previously predominant 90 intensity envelope. 

ООЛ ле е ер олг o1 the GatissSian function, each charge 
эг tadiation pattern takes on the characteristic of the 
Fourier transform of the bunch shape when the radiation 
wavelength equals the average width of the shape. ЕГІ 15 
hypothesized that because the Gaussian function goes to zero 
ИОП ШУ, tts radtation pattern acquires the characteric 
привело Pourrer transtorm of the pulse at a radiation 
wavelength longer than the charge bunch. 

The Cerenkov radiation envelope, which decreases as 8 
increases beyond 9c, causes normally symmetric envelopes to 

О 


be asymmetric. Near 9 - 90 , the Cerenkov radiation 


envelope varies slowly, therefore what is seen are primarily 
<) 


ыш 


ee effects from ГЕК), . 


4 
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V. CONCLUSIONS AND 2ECOMMENDATIONS 


This work contains a larve library ol pat tering нини 
О 
90 region from various charse distributions (ПОТ Mad 
O 

encountered. Near З „КУ ihe radiation intensity envelope 
represents the square of the bunch form factor F(k). ИТТІ 
the exception of the level plus ripple, each bunch shape 
causes an unique radiation pattern at specific frequencies 
which should permit tdentiftieation of tie bunc е 
through sidelobe analysis. The ievel plus торе рипеш 
shape produces the same radiatton pattern form as the Level 
bunch shape; therefore, the radiation pattern could пости 


used to differenttate between the two. "several important 


results were: 


M Varvins the top lengths of the trapezoidal and rond 
pulse shapes causes significantiv tarve enhancements 
oft ihe Dorward [ође envetope. 

2 Fach bunch shape produces signuni:iicant radiated Temi a 


о : ae 40 | 
(10) to the side ol the beam. Che 90 peak of the 
епегеу із nearly constant tor each harmonic ОоТ 1 
particular bunch shape. 
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Шале this preliminary research the following is 
recommended: 


m Determine why the level plus tipple combination 
function benaves so unusally. Whv is the 
nm Ecc bone гот, todependent of harmonic and 
angle, and yet abruptly disappears at a specific 


2) 


аць іо асе 


` 


E DN IM hat sve fanstions ot stlitfterent? scale cause 
Pomme fine tron s selective and non-uniform 
lobe envelope amplification. 


Determine whv varying the top lengths of the 
trapezoidal and rounded pulse shapes causes 
Significant enhancement of the forward lobe envelope. 


з е 
М 
+ 


|. Determine why each pulse shape produces significantly 
ы 
Шел = оаза ка слог епегру YU to the side of the beam. 


ыл 


Е Determine the etfects of changes in beam energy, pulse 
он, pulse frecuency, and path length. 


5. Confirm the results tound bv mapping the microwave 
аса топ measured at a comparable oarticle 
accelerator. 

ШИ results presented dtd not take into account atmospheric 
@ttenuation and ground plane reflection (Ref. 41: р.,1996:, 
However, thev do provide an excellent reference from ahich 
to begin to establish a method of determining the pulse 


Shape of retativistic electron beams based on Corenkov 


radiation patterns. 
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